Abstract-A novel highly sensitive airflow sensor based on Fabry-Perot interferometer (FPI) and Vernier effect is proposed and demonstrated. The sensor is fabricated by splicing a section of hollow-core fiber (HCF) between a lead-in single mode fiber (SMF) and a section of SMF, which is almost one-fifteenth the length of the HCF. Airflow changes the cavity length of the FPI, which leads to the shift of the reflection spectrum. The reflection beam from the last end of the SMF is utilized to generate the Vernier effect, which enlarges the shift of the spectrum for 9.57 times than that of a single FPI. According to the experimental results, when the airflow ranges from 0 to 7 m/s, the spectrum of the sensor shifts as high as 7.9 nm which is almost eight times more than that of the self-heating sensor based on silver-coated FBG. And the highest airflow velocity sensitivity of the sensor can reach 1.541 nm/(m/s) in the region of 3m/s ∼ 7m/s. Besides, the sensor has a series of advantages such as fast response, low cost, compact size, and reflection measurement.
I. INTRODUCTION

F
LOW measurements are important for industrial production to guarantee the accurate control of parameters and quality of products. The development tendency of flowmeter is high precision, miniaturization and multi-parameter measurement. And in recent years, optical fiber airflow sensors have been widely researched due to their unique advantages such as simple structure, low cost, fast response, high sensitivity and intrinsic safety. Some optical fiber flowmeters are made by combining the optical fiber sensing devices with the traditional measurement structures [1] - [3] , such as target flowmeter and venturi which convert the velocity signal to strain signal. Then the strain signal could be obtained from the shift of the spectrum. The sensors have the following defects: the volume of sensing probes are not decreased compared with the traditional flowmeters and the sensitivities of the sensors are relatively low. Some scholars proposed invasive micro-bend optical fiber sensors [4] , [5] , which have the characteristics of the tight structure and easy of fabrication. However, weak stability of the sensors limits their applications. Then different structures of self-heating optical fiber anemometers were proposed, in which FBG coated with silver thin film was employed with different coupling structures, such as dislocation welding, coreless fiber and waist-enlarged fiber [6] - [8] . Gao et al. fabricated FBG structures in cobaltdoped SMF [9] , which was helpful to enhance the absorbing efficiency of FBG and effectively avoided the use of coupling structures. But the performance of the self-heating anemometers mentioned above was limited due to the low temperature sensitivity of FBG, and the chirping could be induced by non-uniform heating effect. FPI sensors have been widely researched for their physical, chemical and biological sensing applications, such as the temperature, strain, and refractive index (RI) due to their compact structure and high resolution. Q. Shi proposed a FPI sensor based on HCF and photonic band gap fiber to detect the axis strain [10] . Besides, FPI sensors based on HCF have been developed for the measurement of temperature [11] , refractive index [12] and magnetic field [13] , respectively. The Vernier effect will occur when two FPIs are cascaded together and the sensitivity of the sensor will be improved significantly. P. Zhang [14] proposed cascaded FPI sensor for temperature measurement with the sensitivity of 1.019 nm/
• C. In [15] , an open-cavity FPI sensor based on photonic crystal fiber and Vernier effect was proposed to detect gas RI. The sensitivity of the sensor will be multiplied if the Vernier effect could be induced in the sensor structure.
In this paper, an ultra-high sensitivity all fiber FPI sensor based on HCF and the Vernier effect was presented for gas velocity measurement. The proposed sensor is fabricated by splicing a section of HCF between a lead-in SMF and a section of SMF whose end face will reflect the beam to generate the Vernier effect. When the gas flow impacts on the surface of the sensor, the cavity length of FPI will change because of the flow pressure. The airflow velocity can be detected by tracing the shift of the envelope extracted from the reflection spectrum. Experimental results demonstrate that the highest sensitivity of the velocity is 1.541 nm/(m/s) in the range of 3 m/s ∼ 7 m/s.
II. SENSING STRUCTURE AND MEASUREMENT PRINCIPLE
The configuration of the proposed FPI fiber-tip gas velocity sensor is shown in Fig. 1 . It is fabricated by splicing a section of SMF as reflective fiber with the hollow-core fiber, and the other side of the HCF was spliced with a section of SMF as a lead-in fiber.
The HCF has an air core surround with a ring of thin silica wall. Light can be guided in the air core due to the antiresonance [16] between the core mode and the modes of the inner silica wall. There are three reflective light beams in the probe, namely R1, R2 and R3. These three reflective beams correspond to three reflective mirrors, which are labeled as M1, M2 and M3 respectively. R1 and R2 form an air-filled FP1 with a cavity length of L. R2 and R3 form a silica FP2 with a cavity length of d. R1 and R3 form an FP3 with a cavity length of L + d. The resonance modes of these three FP cavities determine the reflective interference spectrum of the sensor. Fig. 1(b) is a microscope image of a typical airflow sensor. Lengths of the HCF and SMF are 1177.2 μm and 80.8 μm, respectively. The microscope image of cross section of the HCF is shown in Fig. 1(c) . The outer diameter of the HCF is 165μm, and the inner diameter is 100 μm. The core and the cladding diameters of the SMF are 8.2 μm and 125 μm, respectively. When the light from broadband light source is injected into the proposed sensor through the lead-in SMF, it will be reflected by the three mirrors to form three reflective beams respectively. Because of the low reflectivity at the three reflective mirrors and large coupling loss which is caused by the mode field mismatch between HCF and SMF [14] , the simplified principle of the proposed FPI sensor based on the Vernier effect is calculated as follows [17] - [19] :
where E r and E in are the input electric field and reflected field;
√ r 3 . ε 1 , ε 2 are the transmission loss at mirrors 1 and 2; r 1 , r 2 and r 3 are the reflection coefficients of three mirrors, respectively. φ 1 and φ 2 are the phase shift in the cavities 1 and 2, which are defined as
n HCF , n SMF , L, d are the effective RI and the length of cavities 1, 2, respectively. λ is the wavelength of input light. The interference spectrum reflected from the proposed sensor can be calculated by the square modulus of the intensity ratio between the reflected electric field and the incident, which is expressed by
In order to transfer airflow action applied pressure to the HCF and avoid the influence of transverse shear force from airflow, the length of the end SMF d is as short as possible. The reflection spectrum of the sensor is transformed into the frequency domain to analyze the influence of three FPs. Fig. 2(a) shows the reflection section of the proposed sensor, the blue curve is the interference spectrum and the red curve is the envelope, which is obtained by connection peaks of the high frequency fringe. The Fast Fourier Transformation (FFT) of the interference spectrum is exhibited in Fig. 2(b) . The abscissa of the peak point is the reciprocal of the period. The period of FP can be expressed as:
There are two peaks in the Fig. 2(b) , and frequencies of two points are 0.97 and 1.07, respectively. Substituting frequency points and lengths into formula (4), it can be calculated that the main influence factors on the reflection spectrum are the FP1 and FP3, and the high-frequency fringes of the spectrum is determined by FP3. Compared with amplitudes of those two FPs, the optical intensity of the FP2 is relatively low, which can be ignored. This is due to the face incline and tubular collapse during the process of optical fiber cutting and welding, so the reflectivity of mirror 2 and 3 is relatively low. Thus, the formula (3) can be simplified as follows.
The reflection spectrum of the proposed sensor is analyzed through FFT, and the reflection spectrum is a superposition of two individual FPs, namely FP1 and FP3. The cavity length of FP1 is L and that of FP3 L 2 = L + d. The optical path distances of two FPs are k 1 and k 2 respectively, and they are defined as the follow equation
The high-frequency fringes of the spectrum is determined by k 2 , and the envelope of the superposition spectrum is determined by the ratio between two optical path distances. The length of HCF is set as fixed, and relationship between the envelope of interference and the ratio is shown in Fig. 3 . Fig. 3 shows the changing rule of the envelope when the ratio of k 2 and k 1 changes. When the ratios are 1.1, 2.1 and 3.1 respectively, the intensity contrast of envelopes gets smaller with the increment of the integer part of the ratio in Fig. 3(a) , but the period of the envelope does not change. In contrast, when the integer part of the ratio is 1, the intensity contrast of the envelope does not change but the period gets denser with the increment of the decimal part which ranges from 0 to 0.5.
As shown in Fig. 3(b) , the number of interference fringes has a slight increase (46, 51 and 61, respectively) with the increment of the length d, but the fringe number contained in one cycle of the envelope is decreased. It can be concluded that as the ratio gets closer to an integer, the period of the envelope becomes bigger, and the intensity contrast of the envelope decreases with the increment of the ratio. When the ratio is equal to an integer, the envelope of the interference spectrum becomes a straight line, which means the Vernier effect is not generated. To generate the Vernier effect and form a clear envelope, the ratio of optical path distance of cavity 3 is set close, but not equal to that of cavity 1. The spectrum of the light source in the Lab ranges from 1525 nm to 1565 nm, in order to generate a high-frequency fringes in the spectral range of 40 nm, the length of the sensor is as long as possible. However, the probe will shake or bend because of the instability of the airflow if its length is too long. Considering the ease of fabrication of sensor, the parameters of the sensor are designed as follows: L = 1177.2 μm, d = 80.8 μm, n HCF = 1, n SMF = 1.468, and the ratio of optical path distance is approximately equal to 1.1.
When the force created by an air flow impacts on the end face of the fiber, it will cause the compressed elastic deformation of the HCF, and reflection spectrum of the sensor shifts accordingly. The draw force F [20] on the SMF is given by where ξ is the drawing coefficient of the air, ρ is the air density, V is the free stream velocity, S is the cross section area of the SMF, E is the Young's modulus of optical fiber, A is the crosssection area of the HCF, and ΔL 1 is the impact-caused change in cavity length of the HCF. When the cavity length of the FP1 L changes because of the flow impact, the resonant wavelength of the FP1 changes accordingly, i.e.
When the cavity length of FP1 decreases to a certain value, the major peak will jump to the left resonant wavelength of FP3. From the reflection spectrum of the sensor, it can be seen that the envelope curve also shifts to the short wavelength direction that is the same as the resonance wavelength shift of the FP1. In this way, when the change in cavity length of FP1 is ΔL 1 , the peak shift of the envelope is simplified as [21] :
Compared Eq. (7) with Eq. (8), it can be seen that the amplification factor of the cascaded FPI sensor can be expressed as
The amplification factor M corresponds with the magnification of the period. As shown in Fig. 2 , the period of FP1 is 0.93 nm which is the reciprocal of 1.07. The period of the envelope is 8.9 nm, thus, the amplification factor M is 9.57 and the result agrees well with the formula (9). The Vernier effect can improve the sensitivity of the sensor significantly.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The FPI sensor is proposed to measure the airflow, and the experimental apparatuses are illustrated in Fig. 4 . The broadband signal light is emitted from the Amplified Spontaneous Emission (ASE) light source with the spectrum region from 1525 nm ∼ 1565 nm. The light is sent into the proposed sensor through a circulator, and it is reflected by the fiber mirrors of the proposed probe and forms the cascaded FP interference spectrum. The reflection spectrum is detected and displayed by the Optical Spectrum Analyzer (OSA) after going through the optical circulation. The resolution of OSA is 0.02 nm and its scan scope ranges from 600 nm to 1700 nm. The air flow is generated by a vacuum pump, and the airflow velocity ranges from 0 m/s to 8 m/s. The standard flowmeter whose resolution of airflow velocity is 0.01 m/s is introduced in the sensing system to calibrate the proposed optical fiber sensor.
The schematic diagram and the microscope image of the sensor are shown in Fig. 1 . The ratio of two optical path distances is 1.1, which ensure to generate the Vernier effect clearly. The probe is packed in a capillary glass tube with epoxy resin glue and just the fiber tip is exposed to the airflow. This method can avoid the influence of transient flow in a certain extent. The glass tube is fixed in the center of the pipe along the axial direction in order to make sure the impact force of the airflow on the sensor is the largest. The reflection spectrum of the sensor measured without airflow is shown in Fig. 2(a) . Then, the airflow measurement is carried out under laboratory condition. From the Fig. 5 , a slight blue shift of the high frequency fringes can be observed, meanwhile, envelopes of the spectra shift largely toward the short wavelength direction. The arrows pointed at the trough of the envelope indicate that the spectrum shifts towards the short wavelength direction. The shift direction of the envelope with increased velocity is consistent with the theory. However, peak points of high frequency fringes are selected as the basis of the envelope, if we simplify read the shift through the resonant wavelength with the maximal amplitude, the minimum detectable wavelength is T 2 , which is the period of the FP3. Thus, the resolution of the proposed sensor is restricted severely. The cubic polynomial fitting method is used to improve the detection precision of the sensor. The data points of envelope increase and the curve becomes smooth by fitting method. Then, by employing the cubic polynomial fitting method, envelopes under different velocities are achieved, as shown in Fig. 6 .
It is obvious that the output spectrum shifts to the short wavelength direction with the increase of velocity in the Fig. 6 , and the amount of the spectrum shift increase gradually. It is because the impact force on the end face of the sensor is proportional to the square of velocity as given in formula (6) . While the cavity length has a linear relationship with the force, so the shift of output spectrum could be described as a quadratic equation of the input velocity, which is shown in Fig. 7 . As the limitation of the principle, the output of the proposed sensor is not linear, but the fit index of data points is fairly good. The amount shift of envelope trough reaches 7.912 nm, which is almost 8 times more than that of the self-heating sensor based on silvercoated FBG [6] - [8] , and the average sensitivity in the region of 0 m/s ∼ 2 m/s and 3 m/s ∼ 7 m/s are 0.474 nm/(m × s −1 ) and 1.541 nm/(m × s −1 ), respectively. Besides, because the length of SMF d is much shorter than that of the HCF and the FP2 has little effect on the reflected spectrum, the temperature sensitivity of the sensor is only about 8 pm/
• C. So the influence of temperature on airflow measurement can be ignored.
In this paper, a FPI sensor based on HCF for the measurement of airflow is proposed, and the sensitivity of the sensor is improved greatly by the Vernier effect. There still exist some shortcomings of the sensor, such as the output curve is nonlinear and the sensor cannot be used for turbulent flow measurement. The sensitivity of the sensor could be improved further by increasing cross section area of the fiber tip and etching the tube wall of the HCF. Besides, by optimizing the ratio of optical path distances to approach but not equal to 1, the period of the envelope becomes larger and measuring range of the sensor can be enlarged.
IV. CONCLUSION
A novel highly sensitive FPI sensor used for the measurement of airflow is proposed. The sensor is fabricated by splicing a section of HCF between the lead-in optical fiber and a certain length of SMF. Three reflective faces of the fiber tip work together to generate the Vernier effect, and the airflow is obtained by detecting the shift of the envelope. The sensitivity of the sensor proposed in this work is 9.57 times higher than that of a single FPI. Experimental results show that the sensitivity of the sensor reaches 0.474 nm/(m × s −1 ) when the airflow velocity is less than 2 m/s and 1.541 nm/(m × s −1 ) in the measurement region of 3 ∼ 7 m/s. The proposed sensor has the advantages of simple fabrication, compact structure, low cost and high sensitivity.
